Introduction {#s1}
============

Net primary productivity in temperate forests is strongly related to internal nutrient cycling ([@B55]). The "movement" of nutrients from leaves prior to abscission toward other tissues and/or storage organs has been indicated as a key component of nutrient conservation in forests of the whole world ([@B4]; [@B23]), being the term "nutrient resorption" (NuR) widely accepted nowadays ([@B32]). This strategy allows plants to use the resorbed nutrients for new growth and/or storage in vegetative tissues for further growth during the next seasons ([@B58]), hence minimizing their dependence on the available soil nutrient pool. Several studies on NuR in trees focused on macronutrients \[mainly nitrogen (N) and phosphorus (P)\] as main elements limiting growth in forest ecosystems ([@B24]). At a global scale, terrestrial plants can resorb more than 60% of N and P ([@B61]). The resorption of other macronutrients \[e.g., calcium (Ca), potassium (K), and magnesium (Mg)\] and micronutrients \[e.g., copper (Cu) or zinc(Zn)\] has been little explored to date ([@B61]) despite their important role in plant metabolism and ecosystem functioning ([@B62]; [@B37]). On the other hand, some studies suggested that a higher NuR efficiency is more common in plants grown on low nutrient soils ([@B52]; [@B63]) or that it may increase with soil nutrient availability ([@B20]). Additionally, other researchers observed no relationship between NuR and soil nutrient availability ([@B3]; [@B12]). Nevertheless, there is evidence that the resorption process is affected by environmental conditions, such as increased temperatures or drought ([@B36]). Some authors reported, for example, a strong influence of latitude, mean annual precipitation, and temperature on N and P resorption ([@B65]; [@B66]).

Nowadays, 17 elements from the periodic table are recognized as essential macro- and micro-nutrients for plants ([@B40]). There are also other elements such as aluminum (Al; [@B50]) or titanium (Ti; [@B38]) which at low concentrations are considered beneficial for some species. Regarding other trace elements, some are considered beneficial at low concentrations while at high concentrations are regarded as heavy metals and toxic for plants. For instance, supply of low amounts of lithium (Li) to some species have been found to improve plant growth, but Li toxicity has been reported in many areas of the world ([@B56]). The detrimental effects of plant absorption of heavy metals such as lead (Pb; [@B51]), thallium (Tl; [@B41]), or strontium (Sr; [@B54]) have been shown in several studies. Rubidium (Rb) has often been used as marker for K in plant nutrition studies, but plants can apparently discriminate between K and Rb and K shortage facilitates the uptake of closely related Rb ([@B43]). All such essential, beneficial, and trace elements may be available in soils and taken up by plants, but there is limited information about the occurrence and potential rate of resorption in forest ecosystems.

Native forests in southern Argentinean Patagonia (Santa Cruz and Tierra del Fuego provinces; 46° to 55° latitude) cover approximately 1.2 million ha, where southern beeches \[i.e., *Nothofagus pumilio* (lenga) and *N. antarctica* (ñire)\] represent more than 95% of the total forested area ([@B49]). In general, both deciduous species grow in different sites under contrasting environmental conditions. *Nothofagus pumilio* forests are mostly found as pure stands (despite in Tierra del Fuego Island they may be associated with evergreen *N. betuloides* in transitional zones) in well-developed and adequately-drained soils. By contrast, pure *N. antarctica* (a more plastic species) forests can be found in sites with an array of limiting factors for plant growth, such as rocky and poorly-drained soils or xeric environments in the limit with the Patagonian steppe ([@B21]). The growth rate differences between *Nothofagus* species, growth being higher in *N. pumilio* than *N. antarctica*, determine small transitional areas where both species may co-exist. Working under controlled conditions, [@B47] determined higher leaf net photosynthesis and stomatal conductance rates for well-watered *N. pumilio* versus *N. antarctica* seedlings. However, when water became a stress factor (both drought and flooding) *N. antarctica* seedlings had a better performance. Similarly, among the different *Nothofagus* species analyzed by [@B11], *N. antarctica* was found to be the one having the smallest xylem vessel diameters which may contribute to reduce the loss of hydraulic conductance caused by freeze-induced embolism. These traits may partially explain the lower growth rate of *N. antarctica* in comparison to *N. pumilio* and their distribution under natural conditions, but knowledge on the ecophysiology of such species is still scarce and fragmentary. Furthermore, these different features of both species may also be related to their capacity to absorb nutrients from the soil and to resorb them prior to leaf abscission. Nutritional aspects of such species have been little explored and chiefly focused on few macronutrients, but increased nutrient concentrations (N, K) and higher N, P, and K resorption rates for *N. pumilio* versus *N. antarctica* have been determined in Andean forest of northern Patagonia ([@B12]).

In an altitudinal gradient study carried out in *N. pumilio* forests of Tierra el Fuego Island, where the productivity of the stands decreased at higher altitudes ([@B10]), [@B22] suggested that the retranslocation of mobile nutrients may increase with elevation. According to the results obtained by [@B45], [@B46] N, P, K, and sulfur (S) concentrations in *N. antarctica* green leaves were higher in stands growing in better sites (with more favorable soil and/or environmental conditions) which led to higher aboveground productivities (represented by an average height of mature trees of 8 m and above, compared to marginal sites with mean tree heights below 5.3 m). Similarly, [@B8] observed that higher *N. antarctica* forest stand productivities in southern Patagonia were mainly related to lower altitudes, reduced differences between maximal and minimal daily temperatures, and increased soil depths.

Concerning the NuR efficiency of *Nothofagus* species in Patagonian forests, some investigations indicated differences between species grown under similar environmental conditions, in addition to effects of climatic conditions on the NuR of the same species. For example, [@B25] measured different values of N and P resorption between evergreen *N. dombeyi* and deciduous *N. pumilio* and *N. obliqua*, but they also found variable resorption efficiencies between the two deciduous *Nothofagus* species investigated. Similarly, [@B12] reported a high resorption variability within species which may be associated with different environmental conditions (mainly climatic factors). [@B16] also observed a high variability in NuR of evergreen *N. betuloides* and *N. dombeyi* grown in six contrasting experimental sites, with precipitation ranging from 600 to 3000 mm per year. However, the NuR of a particular species under the prevailing climatic conditions in each experimental plot were not specified in this study.

In light of the state of knowledge of NuR of South-American *Nothofagus* species, the aim of this study was to compare the rate of foliar macronutrient, micronutrient, and trace element resorption in coexisting *N. pumilio* and *N. antarctica* forests located in contrasting productivity sites of southern Patagonia. The study is focused on foliar NuR, because previous investigations showed that leaves approximately represent 70% of the mineral element return from above-ground litter in *Nothofagus* spp. forests of southern Patagonia ([@B22]; [@B5]). In addition to essential elements, the resorption of some trace elements which may be either considered toxic or beneficial for plants was also assessed for the first time in Patagonian forests. Subsequently, the following hypotheses were tested: (i) aware of the higher growth potential of *N. pumilio* versus *N. antarctica*, it is assumed that *N. pumilio* will be more NuR efficient than *N. antarctica* trees when grown under similar soil conditions, and (ii) for both species, NuR rates will be higher in stands growing under harsher climatic conditions (i.e., higher altitude, lower temperature, and reduced rainfall) to compensate for their lower growth rate.

Material and Methods {#s2}
====================

Study Sites {#s2_1}
-----------

The three study sites belong to the PEBANPA network ([@B48]) and correspond to an environmental gradient, where contrasting altitude, mean annual precipitation, and mean annual temperature led to different dominant, mature, tree heights (as a proxy of stand productivity). This implies that sites with higher dominant trees are located at lower altitude and are exposed to higher temperature and increased precipitation regimes ([**Table 1**](#T1){ref-type="table"}). Other bioclimatic parameters also differ between experimental sites. For instance, the mean temperatures during the wettest trimester of the year are higher in the most productive site and are lower in less productive locations. In addition, compared to the other experimental zones, temperatures are more homogeneous along the year (lower differences between monthly maximal and minimal temperatures) in the area where the highest trees are located (data not shown).

###### 

Main characteristics of *Nothofagus* forests located in three different sites of southern Patagonia.

  Site quality   Geographical coordinates      Altitude (m a.s.l.)   MAP (mm y^−1^)   MAT (°C)   DH (m)        
  -------------- ----------------------------- --------------------- ---------------- ---------- ------------- -------------
                                                                                                 **Na**        **Np**
  HPS            50°32'55"' S---72°48'59'' W   233                   610              7.2        12.3 ± 1.1a   18.5 ± 1.8a
  MPS            51°13\`21" S---72°16\`52" W   300                   450              5.9        10.2 ± 1.3b   15.2 ± 1.1b
  LPS            51°33'07'' S---72°07'26'' W   550                   440              5.5        7.2 ± 1.0c    12.6 ± 1.0c

MAP, mean annual precipitation; MAT, mean annual temperature; DH, dominant height of mature trees; Na, Nothofagus antarctica; Np, Nothofagus pumilio.

HPS, highly productivity site; MPS, medium productivity site; LPS, low productivity site.

For DH Different letters for a same species indicate significant differences (P \< 0.05) between sites.

In each experimental plot both species grew together as mixed stands. Altitude and climatic variables for each site were obtained from [@B18] and the World Clim data set ([www.worldclim.org](www.worldclim.org), [@B26]), respectively. At each site the height of six dominant mature trees was measured. Based on the mean height of dominant trees (DH) and previous investigations, we will subsequently refer to site productivity as high (HPS), medium (MPS) and low (LPS). The use of DH as a proxy of productivity is based on the investigations by [@B44] and [@B27] for *N. pumilio* and *N. antarctica*, respectively. These authors measured tree height and area, also estimating the wood volume of *Nothofagus* forests growing under a vast array of representative environmental conditions of southern Patagonia. For such purpose, they introduced site index equations and obtained accurate models that related DH with productivity. In addition, the age of mature dominant trees was determined by ring counts, being an average of 151, 149, and 153 years for *N. antarctica* in HPS, MPS, and LPS, respectively. In the case of *N. pumilio*, dominant trees had a mean age of 195, 199, and 200 years in HPS, MPS, and LPS, respectively.

Leaf and Soil Sampling and Nutrient Analyses {#s2_2}
--------------------------------------------

At the end of February 2015 (i.e., the peak of the growing period) for both species (*N. pumilio* and *N. antarctica*) and for the three sites subjected to investigation ([**Table 1**](#T1){ref-type="table"}), approximately 1000 fully-expanded, mature, green leaves were randomly collected from five trees per experimental plot (200 leaves per tree). Thereafter, in autumn (i.e., late May in the Southern hemisphere), a similar leaf collection process from the same marked trees was carried out for sampling senescent leaves which were already yellow. For both species and dates, leaf tissues were collected from fully sun-exposed branches/leaves at a tree height of 2.0--2.5 m above ground level. Leaf samples were immediately taken to the lab in closed plastic bags and kept at 3°C in the refrigerator. Leaf tissues were thoroughly washed in an acidulated solution containing 0.1% detergent (Cif, Argentina) ([@B1]; [@B60]), and then rinsed with abundant tap and distilled water. Leaves were subsequently oven dried at 70°C during 2 days, weighted, and ground prior to mineral element determination. Nitrogen was measured with an elemental analyzer (TruSpec). The remaining elements were determined by inductively coupled plasma (ICP) analysis (Optima 3000, PerkinElmer) following the UNE-EN ISO/IEC 17025 standards for calibration and testing laboratories (CEBAS-CSIC Analysis Service, Murcia, Spain).

The mineral element concentrations of mature (Nmat) and senescent (Nsen) leaves were used to calculate the NuR efficiency (NRE), according to the following formula ([@B3]):
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Where MLCF is the mass loss correction factor. Specifically, it represents the ratio of the dry mass of senescent leaves and the dry mass of green leaves ([@B58]). For each experimental location and species, the MLFC was calculated per sampled tree.

For each sampling date and site, ten fresh leaves of both species were scanned after removing the petioles, using ImageJ software ([@B53]) to calculate their leaf area. Leaves were subsequently dried at 65°C for 3 days and weighted for calculating the specific leaf area (SLA) ([@B9]).

Additionally, three composite soil samples (from 5 subsamples) of the first 20 cm were collected from each site corresponding to places where leaves were sampled. This sampling depth was selected aware that in such soils 70% of fine roots have been found with the upper 20 cm of soil ([@B6]). Soil pH was determined in saturated soil paste (30 ml deionized water per 100 g soil). Organic matter (OM) content was measured according to the loss of ignition method. Samples were dried to eliminate water, subsequently heated for 2 h at 600°C and the weight loss recorded ([@B42]). Soil nutrient concentrations were determined as follows: total N was measured by spectrophotometry; available P by the Olsen method; ammonium acetate-extracted Mg, Ca, K, and sodium (Na) concentrations were determined by atomic absorption spectroscopy (AAS); while the concentrations of diethylene triamine pentaacetic acid (DTPA)-extractable iron (Fe) and manganese (Mn) were also determined by AAS (AQM Laboratories, Spain).

Data Analysis {#s2_3}
-------------

Exploratory testings were carried out to verify the compliance with the assumptions of normality, homoscedasticity, and independence of data for each evaluated situation. While the Shapiro--Wilk test was performed to verify the normality of the data, the Levene test was used to verify homoscedasticity. The independence was verified by analyzing residuals from graphs. Specific leaf area and leaves nutrient concentrations were analyzed with ANOVA for repeated measures with species as between subject factor and each measuring date as within subject factor. This analysis was performed because the values are not independent of time. Furthermore, for each species one-way ANOVA analyses were carried out for comparing SLA and nutrient concentrations. Mean values of NuR and minerals soil concentration were compared by two-way ANOVA, with species and sites as main factors. Tukey tests were performed to assess differences between factors when F-values were significant (P \< 0.05).

Results {#s3}
=======

The specific leaf area (SLA) was assessed for mature (green) and senescent leaves of both *Nothofagus* species and values were within a similar range. However, higher SLA values were recorded for senescent leaves of both species (P \< 0.05). No differences between sites were found for any of the two species (P \> 0.05) ([**Table 2**](#T2){ref-type="table"}). Only in the LPS there were differences between species (P \< 0.05), being higher in *N. pumilio* mature leaves.

###### 

Specific leaf area (SLA) values ± standard deviation of *N. pumilio* and *N. antarctica* mature and senescent leaves collected from three contrasting sites (HQS, MQS and LQS).

  Sites          Species           SLA(m^2^ kg^−1^)   
  -------------- ----------------- ------------------ ---------------
                                   **Mature**         **Senescent**
  HPS            *N. pumilio*      14.2 ± 2.2b        16.9 ± 1.5a
                 *N. antarctica*   14.7 ± 2.4a        14.7 ± 2.7a
  Significance                     ns                 ns
  MPS            *N. pumilio*      14.8 ± 1.5b        18.0 ± 1.8a
                 *N. antarctica*   12.2 ± 1.3b        16.9 ± 3.0a
  Significance                     ns                 ns
  LPS            *N. pumilio*      15.3 ± 2.7b        18.7 ± 3.1a
                 *N. antarctica*   12.0 ± 2.9b        16.6 ± 0.6a
  Significance                     \*                 ns

HPS, highly productivity site; MPS, medium productivity site; LPS, low productivity site.

Different letters for a same species and site indicate significant differences (P \< 0.05) between stage of sampling (mature or senescent).

Significant differences between species for a same stage of sampling and site are given by \*: P \< 0.05; ns: no significant differences.

Concentration of Nutrients, and Trace Elements in Leaf Tissues and Soils {#s3_1}
------------------------------------------------------------------------

Concerning the characteristics of forest soils, only organic matter and N concentrations were different between experimental sites (P \< 0.05), both parameters being higher in the LPS (low productivity site, [**Table 3**](#T3){ref-type="table"}).

###### 

Macro- and micro-nutrients ± standard deviation in soils (0--20 cm) of *N. pumilio* and *N. antarctica* forests from three sites with contrasting environmental conditions. Organic matter (OM) and nitrogen (N) concentrations are expressed as %, while the rest of elements are expressed as mg kg^−^ ^1^.

  Sites   OM         N            P         K           Ca            Mg             Mn        Fe         Na         pH
  ------- ---------- ------------ --------- ----------- ------------- -------------- --------- ---------- ---------- -----------
  HPS     13 ± 6ab   0.6 ± 0.2b   59 ± 40   776 ± 429   8219 ± 505    5190 ± 2050    31 ± 25   170 ± 14   523 ± 26   6.3 ± 0.1
  MPS     11 ± 2b    0.5 ± 0.1b   18 ± 2    419 ± 29    5610 ± 560    8443 ± 4200    11 ± 1    175 ± 8    542 ± 21   6.4 ± 0.1
  LPS     30 ± 11a   1.0 ± 0.2a   64 ± 45   506 ± 59    6468 ± 4514   10523 ± 4100   16 ± 10   195 ± 49   534 ± 63   6.1 ± 0.5

HPS, highly productivity site; MPS, medium productivity site; LPS, low productivity site.

Different letters for the same nutrient indicate significant differences (P \< 0.05) between sites.

In general, for both species the macronutrient concentrations of leaves collected at the same date did not differ between sites. Only Mg and P concentrations were significantly lower (P \< 0.05) in the LPS in *N. pumilio* mature leaves ([**Figure 1**](#f1){ref-type="fig"}). In *N. antarctica*, only Ca and S concentrations were higher (P \< 0.05) in the HPS and MPS, respectively in senescent leaves. On the other hand, when comparing between mature and senescent leaves for a particular species and site, most of the macronutrient concentrations were significantly lower (P \< 0.05) for senescent leaves ([**Figure 1**](#f1){ref-type="fig"}). The N:P ratio of leaves in all evaluated situations averaged the value of 9 or below (data not shown). There were no differences (P \> 0.05) on N:P ratios between sites for the same species and leaf age, or between leaf age for a same species and site.

![Macronutrient (N, P, Ca, K, Mg, and S) concentrations of *N. pumilio* and *N. antarctica* leaves from three contrasting sites, collected at two developmental stages (mature and senescent). HPS, highly productivity site; MPS, medium productivity site; LPS, low productivity site. N.p., *Nothofagus pumilio*; N.a., *Nothofagus antarctica*; Mat, mature leaves; Sen, senescent leaves. Different lower case letters for the same species and age of leaves (mature or senescent) indicate significant differences (P \< 0.05) between sites. Different capital letters for the same species and site indicate significant differences (P \< 0.05) between age of leaves (mature or senescent). Bars represent the standard deviation of the mean.](fpls-10-01542-g001){#f1}

In the case of micronutrients, there were differences between sites (P \< 0.05) depending on the particular element ([**Figure 2**](#f2){ref-type="fig"}). For example, Fe and Zn concentrations were generally higher in the highly productivity site (HPS), while increased nickel (Ni) concentrations were recorded for trees growing in LPS. On the other hand, differences between mature and senescent leaves were only found for *N. antarctica* trees growing in the LPS (for Cu, Mn, and Ni), and for *N. pumilio* (for Zn) in the same site, with higher values in mature leaves.

![Micronutrient (B, Cu, Fe, Mn, Ni, and Zn) concentrations of *N. pumilio* and *N. antarctica* leaves from three contrasting sites, collected at two developmental stages (mature and senescent). HPS, highly productivity site; MPS, medium productivity site; LPS, low productivity site. N.p., *Nothofagus pumilio*; N.a., *Nothofagus antarctica*; Mat, mature leaves; Sen, senescent leaves. Different lower case letters for the same species and age of leaves (mature or senescent) indicate significant differences (P \< 0.05) between sites. Different capital letters for the same species and site indicate significant differences (P \< 0.05) between age of leaves (mature or senescent). Bars represent the standard deviation of the mean.](fpls-10-01542-g002){#f2}

Concerning trace elements ([**Figures 3**](#f3){ref-type="fig"} and [**4**](#f4){ref-type="fig"}), for mature leaves of both species Al and Sr concentrations were generally higher (P \< 0.05) in the best site (HPS), while higher leaf Tl concentrations were recorded for trees growing in LPS. The only trace elements which varied significantly (P \< 0.05) between mature and senescent leaves were Li in *N. pumilio* (LPS site) and Tl in both species and MPS and LPS sites, in all cases concentrations being higher for mature leaves.

![Trace elements (Al, Li, and Pb) concentrations of *N. pumilio* and *N. antarctica* leaves from three contrasting sites and collected at two developmental stages (mature and senescent). HPS, highly productivity site; MPS, medium productivity site; LPS, low productivity site. N.p., *Nothofagus pumilio*; N.a., *Nothofagus antarctica*; Mat, mature leaves; Sen, senescent leaves. Different lower case letters for the same species and age of leaves (mature or senescent) indicate significant differences (P \< 0.05) between sites. Different capital letters for the same species and site indicate significant differences (P \< 0.05) between age of leaves (mature or senescent). Bars represent the standard deviation of the mean.](fpls-10-01542-g003){#f3}

![Trace elements (Rb, Sr, Ti, and Tl) concentrations of *N. pumilio* and *N. antarctica* leaves from three contrasting sites and collected at two developmental stages (mature and senescent). HPS, highly productivity site; MPS, medium productivity site; LPS, low productivity site. N.p., *Nothofagus pumilio*; N.a., *Nothofagus antarctica*; Mat, mature leaves; Sen, senescent leaves. Different lower case letters for the same species and age of leaves (mature or senescent) indicate significant differences (P \< 0.05) between sites. Different capital letters for the same species and site indicate significant differences (P \< 0.05) between age of leaves (mature or senescent). Bars represent the standard deviation of the mean.](fpls-10-01542-g004){#f4}

Macronutrient, Micronutrient, and Trace Element Resorption {#s3_2}
----------------------------------------------------------

In general terms and making an average of all sites and species, macronutrient resorption rates showed a decreasing order for N \> S = K \> P\> Mg, being Ca the only element with negative values (i.e., no resorption determined) ([**Table 4**](#T4){ref-type="table"}). Interactions between sites and species were significant (P \< 0.05) for all evaluated elements. Resorption of the majority of the elements did not vary between species in any of the evaluated sites, with the only exception of Mn in the LPS which was higher (60% more) (P \< 0.05) for *N. antarctica* leaves. Differences in macronutrient resorption rates between sites were found only for *N. antarctica* leaves, being this parameter lower for trees grown in the most productive site (HPS). In such case, resorption rate decreases of 20% for N, 30% for P, and 20% for S were estimated ([**Table 4**](#T4){ref-type="table"}). For *N. pumilio* leaf micronutrient and trace element concentrations followed similar trends, with no differences (P \> 0.05) in NuR rates recorded between experimental sites. For *N. antarctica* some micronutrients (i.e., Zn) and trace elements (i.e., Sr and Tl) were resorbed at lower rates for the HPS ([**Tables 5**](#T5){ref-type="table"} and [**6**](#T6){ref-type="table"}, respectively). On the other hand, regardless of the site or the species, some micronutrients (i.e., Fe) and trace elements (i.e., Al and Ti) were not resorbed.

###### 

Resorption efficiency (%) of macronutrients of *N. pumilio* and *N. antarctica* leaves collected from three sites with contrasting environmental conditions in southern Patagonia.

  Species           Sites   Ca           K          Mg         N           P          S
  ----------------- ------- ------------ ---------- ---------- ----------- ---------- ----------
  *N. pumilio*      HPS     −37 ± 21a    44 ± 16a   14 ± 20a   63 ± 9a     31 ± 26a   51 ± 8a
                    MPS     −16 ± 23a    47 ± 31a   21 ± 18a   62 ± 9a     52 ± 13a   53 ± 7a
                    LPS     −18 ± 25a    68 ± 5a    23 ± 21a   63 ± 10a    54 ± 11a   53 ± 11a
  *N. antarctica*   HPS     −76 ± 73b    34 ± 32a   17 ± 15a   46 ± 19b    16 ± 18b   36 ± 18b
                    MPS     −47 ± 42ab   50 ± 16a   22 ± 24a   66 ± 15a    49 ± 24a   55 ± 11a
                    LPS     1 ± 14a      66 ± 20a   25 ± 28a   59 ± 23ab   46 ± 23a   56 ± 19a

For each species, different letters for the same nutrient indicate significant differences (P \< 0.05) between sites.

HPS, highly productivity site; MPS, medium productivity site; LPS, low productivity site.

###### 

Resorption efficiency (%) of micronutrients of *N. pumilio* and *N. antarctica* leaves collected from three sites with contrasting environmental conditions in southern Patagonia.

  Species           Sites   B           Cu          Fe            Mn          Ni         Zn
  ----------------- ------- ----------- ----------- ------------- ----------- ---------- -----------
  *N. pumilio*      HPS     4 ± 31a     4 ± 28a     −26 ± 25a     −21 ± 24a   51 ± 24a   15 ± 23a
                    MPS     17 ± 21a    −19 ± 49a   −35 ± 22a     −3 ± 12a    41 ± 39a   32 ± 18a
                    LPS     15 ± 7a     10 ± 45a    −178 ± 300a   −56 ± 85a   54 ± 16a   36 ± 16a
  *N. Antarctica*   HPS     −17 ± 71a   17 ± 21a    −100 ± 160a   −30 ± 39b   23 ± 44a   1 ± 63b
                    MPS     6 ± 19a     −41 ± 58b   −161 ± 305a   −52 ± 70b   35 ± 34a   26 ± 13ab
                    LPS     2 ± 46a     30 ± 23a    −31 ± 78a     63 ± 31a    45 ± 64a   42 ± 24a

For each species, different letters for the same nutrient indicate significant differences (P \< 0.05) between sites.

HPS: highly productivity site; MPS: medium productivity site; LPS: low productivity site.

###### 

Resorption efficiency (%) of trace elements of *N. pumilio* and *N. antarctica* leaves collected from three contrasting sites in southern Patagonia.

  Species           Sites   Al           Li         Pb           Rb         Sr          Ti            Tl
  ----------------- ------- ------------ ---------- ------------ ---------- ----------- ------------- ----------
  *N. pumilio*      HPS     1 ± 29a      34 ± 31a   10 ± 93a     54 ± 23a   2 ± 17a     −45 ± 31a     56 ± 20a
                    MPS     −21 ± 47a    45 ± 12a   −5 ± 63a     54 ± 13a   27 ± 26a    −89 ± 28a     62 ± 8a
                    LPS     −157 ± 94a   45 ± 31a   −97 ± 297a   78 ± 13a   −2 ± 48a    −408 ± 666a   48 ± 22a
  *N. antarctica*   HPS     −53 ± 141a   −3 ± 43a   47 ± 16a     37 ± 61a   −38 ± 77b   −136 ± 210a   34 ± 14b
                    MPS     −123 ± 96a   3 ± 53a    −105 ± 60b   52 ± 38a   −8 ± 49ab   −264 ± 438a   59 ± 19a
                    LPS     −4 ± 72a     30 ± 43a   41 ± 21a     42 ± 42a   34 ± 45a    −60 ± 110a    69 ± 4a

For each species, different letters for the same nutrient indicate significant differences (P \< 0.05) between sites.

HPS, highly productivity site; MPS, medium productivity site; LPS, low productivity site.

Nutrient resorption was positively correlated (P \< 0.05) with mature leaf concentrations for a few micronutrients and trace elements (i.e., Cu, Li, Mn, Ni, and Pb). In the case of soil and mature leaf concentrations, there were only significant (P \< 0.05) correlations for N, Fe, and Mg, being the correlation positive for N and Mg and negative for Fe ([**Table 7**](#T7){ref-type="table"}).

###### 

Pearson correlation coefficient (R) and P value between elements concentration in soil, mature leaves and NuR in leaves of *N. antarctica* and *N. pumilio* from three contrasting sites of southern Patagonia.

  Element   Correlation between resorption and mature leaf concentration   Correlation between soil and mature leaf concentration              
  --------- -------------------------------------------------------------- -------------------------------------------------------- ---------- ---------
  N         0.24 (+)                                                       0.21                                                     0.68 (+)   \<0.001
  C         0.27 (+)                                                       0.16                                                                
  Al        0.23 (+)                                                       0.23                                                                
  B         0.18 (+)                                                       0.34                                                                
  Ca        0.18 (+)                                                       0.36                                                     0.05 (−)   0.781
  Cu        0.86 (+)                                                       \<0.001                                                             
  Fe        0.18 (+)                                                       0.353                                                    0.40 (−)   0.030
  K         0.22 (+)                                                       0.255                                                    0.35 (+)   0.059
  Li        0.49 (+)                                                       0.008                                                               
  Mg        0.36 (+)                                                       0.057                                                    0.62 (+)   \<0.001
  Mn        0.48 (+)                                                       0.009                                                    0.10 (−)   0.617
  Ni        0.44 (+)                                                       0.018                                                               
  Pb        0.66 (+)                                                       \<0.001                                                             
  P         0.33 (+)                                                       0.086                                                    0.01 (−)   0.993
  Rb        0.23 (+)                                                       0.249                                                               
  S         0.12 (+)                                                       0.542                                                               
  Sr        0.09 (+)                                                       0.648                                                               
  Ti        0.30 (+)                                                       0.109                                                               
  Tl        0.24 (+)                                                       0.265                                                               
  Zn        0.01 (+)                                                       0.945                                                               

Signs in parentheses indicate if the correlation is positive (+) or negative (−).

Discussion {#s4}
==========

This study focused on analyzing the rate of mineral element resorption in two main *Nothofagus* species of southern Patagonia, considering as hypotheses that: (i) under similar growing conditions *N. pumilio* will be more NuR efficient than *N. antarctica*, and (ii) under harsher climatic conditions both *Nothofagus* species will have increased NuR rates. The overall results gathered for two *Nothofagus* species grown in three study states with different environmental and soil conditions led us to reject both hypotheses (one of them only partially) as discussed in detail in the following paragraphs. When comparing the different quality sites in relation to environmental conditions, it must be for example stressed that during the warmest trimester of the growing season, precipitations were higher for the highest quality location and lower for less productive experimental plots, suggesting a combined positive effect of higher temperature and water availability on tree growth. In general, increased SLA values were recorded for senescent leaves compared with mature ones which may be related to foliar nutrient concentration decreases during senescence.

Macronutrient Concentrations and Resorption {#s4_1}
-------------------------------------------

Generally, for both species grown in the three experimental sites, the macronutrient concentrations of mature leaves were in the range for adequate growth ([@B15]). The concentration of macronutrients in *N. pumilio* mature and senescent leaves were similar to those recorded for Tierra del Fuego Island by [@B22]. Similarly, the mature leaf macronutrient concentrations determined for *N. antarctica* in this study are within the range described by [@B45]; [@B46] for the same species in southern Patagonia. In this investigation, the environmental condition differences between sites were not found to influence leaf nutrient concentrations of *Nothofagus* species. This is also consistent with the results reported by [@B22] for *N. pumilio* in Tierra del Fuego Island, where mature leaf macronutrient concentrations did not significantly vary between stands grown in an altitudinal gradient. With the exception of soil N concentration which varied between sites, we recorded no major soil mineral element differences that however did not directly reflect on foliar tissue nutrient concentrations. By contrast, [@B45]; [@B46] measured higher macronutrient concentrations in mature leaves of *N. antarctica* stands growing in a better quality site (i.e., 7.8 m of height in mature trees) compared to a lower quality location (5 m of height in mature trees) in southern Patagonia. These results were attributed to soil nutrient availability variations between experimental plots. Nevertheless, [@B5] reported similar concentrations in senescent leaves of *N. antarctica* from three contrasting quality sites. It was observed that for several elements better quality sites did not involve higher soil and foliar tissue concentrations. This may be related to the different mechanisms of mineral element acquisition, transport, and storage by plant as reported for various nutrients ([@B39]), together with their interaction with climatic variables. For example, working with peach trees [@B36] found that a 5°C air temperature increase delayed leaf senescence such delayed-senescent leaves having lower leaf N and P concentrations. Moreover, when studying the main soil, spatial and climatic variables influencing productivity of mature *N. antarctica* trees in southern Patagonia, [@B8] concluded that temperature and soil texture, but not soil nutrient concentrations, were the most important parameters explaining the final height of mature trees.

The importance of N or P concentrations in forest soils as a limiting factor for tree growth is widely recognized ([@B2]; [@B20]). The stoichiometry between leaf N and P has been broadly used as an indicator of nutrient growth constraints at a species level ([@B57]). The recommended thresholds reported by [@B2] corresponded to foliar N:P ratios higher than 16 as indicative for P limitation, lower than 14 for N limitation and between 14 to 16 as both N and P constraints. In our study, the two evaluated species in all experimental sites had ratios markedly lower than 14, which indicate a generalized N shortage in all trees subjected to investigation. Similarly, [@B13] found N limitations in *N. antarctica* grown in northern Patagonia, and both N and P limitations for *N. pumilio*. Additionally, [@B16] reported N limitation in several tree species (including two evergreen *Nothofagus*) of Chilean Patagonia.

Nutrient resorption studies developed with *Nothofagus* species of Patagonia are scarce and have been mainly focused on C, N, P, Ca, and K ([@B12]; [@B13]; [@B16]). The resorption values we obtained for N, P, and K are within the range reported by [@B12] for *N. antarctica* and *N. pumilio* trees grown in northern Patagonia, and [@B25] for N and P resorption by *N. pumilio* in forests central Chile. However, contrary to our preliminary hypothesis, both species were found to have similar resorption efficiency rate for macronutrients. This implies that the described anatomical and physiological differences between these *Nothofagus* species ([@B47]; [@B11]) do not seem to influence their resorption efficiency under the environmental conditions evaluated in this investigation. Furthermore, this could be related to the fact that restrictive environmental conditions (mainly low temperatures) in southern Patagonia are more important than species-specific differences. Thus, both species growing under the same conditions may experience similar limitations for nutrient absorption and conservation processes. In this study it was observed that leaf mineral element resorption variations in different sites changed between species. While *N. pumilio* did not show differences between sites, for *N. antarctica* macronutrient resorption (excepting K and Mg) was lower in the most productive site. According to the results obtained for both species, our hypothesis had to be partially rejected (not fully for *N. antarctica*), because evidence was gained that the most restrictive conditions for tree growth did not always correlate with the highest NuR efficiency. There are no previous studies comparing NuR rates for *N. pumilio* and *N. antarctica* growing in sites with contrasting environmental conditions. Nevertheless, [@B22] reported similar concentrations of N, K, Mg, and P, in mature and senescent leaves of *N. pumilio* growing at 220 and 540 m a.s.l., in Tierra del Fuego Island which implied similar resorption values between these forests, as also observed in our study. For *N. antarctica*, [@B45]; [@B46] evaluated the nutrient concentration of different organs (i.e., leaves, branches, bark, sapwood, heartwood, and roots) of trees grown at different forest locations of southern Patagonia. These authors reported that the trees growing under better site conditions had higher nutrient concentrations. A higher accumulation of nutrients in woody tissues may help to partially explain the lower resorption rate in the best study site, because stored nutrients in, e.g., stems or roots may act as essential element reservoirs to be mobilized during the next growing season ([@B28]).

Regarding NuR, [@B12] found a significant positive correlation between N concentration in mature leaves, N resorption and soil N. The authors suggested that under restricted soil N availability in temperate Patagonian forests, plants may reduce the rate of N absorption and leaf accumulation of this element, rather than increasing resorption. In our study, positive correlations were found between soil and mature leaf N and Mg concentrations, but for macronutrients no correlation between mature leaf concentration and resorption was observed.

In the case of Ca, the generally higher concentrations in senescent leaves (i.e., null resorption) are in agreement with previous studies performed with several species and growing conditions, including Patagonian *Nothofagus* ([@B22]; [@B17]; [@B64]). The low foliar Ca resorption rates in these species are likely related to the limited phloem mobility and structural role of this element in cell walls ([@B19]; [@B39]).

Micronutrient and Trace Element Concentrations and Resorption {#s4_2}
-------------------------------------------------------------

The results of this study represent the first published leaf micronutrient and trace element concentration values of *N. antarctica* and *N. pumilio*. Most of the evaluated micronutrients (e.g., B, Cu, Mn, Ni, and Zn) were in the concentration range considered as sufficient for plant growth ([@B35]; [@B34]). For both species, the only exception was leaf Fe in the lower productivity sites (MPS and LPS), with concentrations below optimal threshold values ([@B35]; [@B34]). In the only reported data set of foliar micronutrient and trace element concentrations in this region, [@B7] evaluated grasses growing in *N. antarctica* forests at similar dates during the growing season. Comparing with these grass tissue data, the concentrations measured for *N. antarctica* mature leaves were higher for B, and Zn, and similar for Cu, Mn, and Ni.

Concerning resorption, Mn and Fe showed a general trend to be immobilized in leaves with no resorption regardless of the site or species. However, *N. antarctica* leaves reabsorbed 60% of Mn in the LPS. The very high Mn concentrations measured for mature *N. antarctica* leaves in LPS may be related to the major uptake of this element by *N. antarctica* compared with *N. pumilio*. Furthermore, Mn concentrations in plants have been related to high organic matter content in soils (e.g., [@B29]), as we found for the LPS. [@B30] reported Fe resorption of about 30% in *Quercus* and *Vaccinium* leaves. In our study, there was no relationship between mature leaf concentrations and Fe resorption which may be related to the very low or null mobility of this element in many species ([@B40]).

On the other hand, B, Cu, Ni, and Zn were mostly resorbed. The resorption values for Cu and Ni were positively correlated with concentrations in mature leaves which is consistent with the findings by [@B30], who observed resorption for Cu and other microelements.

Similarly, the trace elements evaluated (Al, Li, Pb, Rb, Sr, Ti, and Tl) were below the concentration range considered toxic for plants (e.g., [@B29]). Compared to the results by [@B7] the concentrations in *N. antarctica* mature leaves evaluated here were higher for Al, Sr, and Ti, lower for Rb, and similar for Pb. It must be noted that some of such trace elements may replace the role of some essential nutrients, like e.g., Rb with K ([@B43]), or Li and Sr with Ca ([@B56]; [@B54]). The results obtained in this study for instance for Rb show a resorption rate similar to that of K which is in agreement with other studies on the mobility of this element (e.g., [@B43]).

Concerning the resorption rate of such trace elements, Al and Ti were immobilized in leaves with no resorption regardless of the site or species. Aluminum and Ti are often found in plant tissues, but their potential physiological and metabolic function are still unclear ([@B29]). There is no preliminary information on the potential rate of foliar Al and Ti resorption. We speculate that no resorption of these elements may be related to their low translocation capacity and/or to their high toxicity risk for plants (specially Al) ([@B29]; [@B39]). On the other hand, Li, Rb, Pb, and Tl were resorbed. The resorption values for Li were positively correlated with mature leaf concentrations and were similar the results obtained by [@B30].

Ecological Implications {#s4_3}
-----------------------

Regardless of the physiological and anatomical differences reported between the species analyzed in this investigation ([@B47]; [@B11]), their macronutrient resorption rates were similar. This may imply that for these species, nutrient conservation may be more related to an intrinsic, species-specific feature rather than to soil fertility. Thus, the co-occurrence of both *N. antarctica* and *N. pumilio* under the same soil and environmental conditions would be given under a scenario where competition for nutrients is not evident. This is consistent with the findings by [@B12], who reported that nutrient performance (i.e., concentrations and resorption rates) differences were marked between life forms (i.e., deciduous broad-leaved, conifers and evergreens), but not between deciduous species in mixed forests (which included *N. antarctica* and *N. pumilio*) of northern Patagonia.

On the other hand, the lower resorption rates in the most productive site of *N. antarctica*, and the lack of differences between sites of *N. pumilio*, could be related to the ecological plasticity of such species. It is widely accepted that *N. antarctica* has the broadest ecological amplitude of south American *Nothofagus* genus ([@B14]). Thus, this species is distributed from 36° 30' to 56° 00\` latitude, and from 0 to 2000 m a.s.l. altitude ([@B59]). *Nothofagus antarctica* can subsequently grow in contrasting environmental conditions such as poorly drained locations with high precipitations, exposed windy areas with shallow soils or drier sites in the limit with the Patagonian steppe. By contrast, *N. pumilio* thrives under higher soil water availability and its distribution is more restricted to narrower environmental conditions ([@B59]). Similarly, [@B47] reported that *N. antarctica* had a better response to both water shortage and waterlogging than *N. pumilio*. Hence, the ecological plasticity of these species may partially explain their different rates of NuR in association with environmental conditions changes. This information may be helpful for understanding the potential performance of these species under the current climate change scenario.

According to our results, both *N. antarctica* and *N. pumilio* in southern Patagonia may use trace element resorption as a conservation strategy which may be related to the low availability or restrictions for the acquisition of these elements in soils. Concerning the variations between sites, contrary to N and P which often show significant resorption rates in the majority of the plant species analyzed, the scarce information available on trace element resorption leads to a high result variability, for example, between species grown in the same site, or between years for the same species (see [@B33]).

Conclusions {#s5}
===========

In this study, we assessed the mineral element resorption rate of two main *Nothofagus* species of Patagonian forest, i.e., *N. antarctica* and *N. pumilio*. Contrary to our preliminary hypotheses, both *Nothofagus* species were found to have a similar nutrient conservation strategy as derived from the lack of NuR differences measured when both species were grown under the same soil and climatic conditions. Furthermore, higher NuR rates were not recorded for the sites with more limiting soil and climatic conditions. Constraints related to plant N availability which seem to widely occur in Patagonian forests, were also identified in this investigation. Our study represents the first published data on the foliar micronutrient and trace element concentrations of both *Nothofagus* spp. grown in Patagonia. Leaf micronutrient concentrations were generally in the sufficiency range reported for plant growth, while trace element concentrations were below the toxicity range. It is concluded that future studies under controlled and field conditions are necessary for improving our understanding of nutrient use efficiency of forest species.
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